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ABSTRACT

A double-Luggin capillary method has been used to measure
potential variations in the vicinity of a working silver electrode.
Current and potential distributions around several simple electrode
configurations have been determined. These results can be extended
to predict current density and potential variations around other elec-
trode configurations., FEquipotential maps are presented for several
working clectrodes. A comparison o! experimental results from this
study with a theoretical study on current distribution is made.

A method for estimation of effective electrolytic surface area has
been developed. The method is based upon the assumption of constant
depth of the Ag~ Ag,0 oxidation of a silver electrode at fixed current
density. A method for preparing a standard electrode surface which
has area reproducible to +3% is reported. Data are presented to show
a reproducibility of +10% in surface area estimations of sintered silver
electrodes,.

Our observations indicate the presence of an organic residue on
comrmercial sintered silver electrodes part of which is hydrocarbon
in character and part of which is carbonaceous. This appears to
explain the earlier observation that microscopic portions of some

sintered silver electrodes are unreactive,
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(3)

OBJECTIVES

objectives of this contract are

To characterize current and potential variations in the vicinity
of a silver electrode during electrolysis as fﬁnctions of cell
and electrode geometry and of state of charge.

To develop a method for the measurement of effective elec-
trolytic surface area of a silver electrode.

To characterize non-silver residues in sintered electrodes.



SECTION I

POTENTIAL VARIATION OVER THE ELECTRODE SURFACE

The chemical reactions that occur at the surface of a working
electrode do not occur uniformly over the surface. Edges, corners,
and points of stress of an electrode show differences from the smooth
portion of the electrodes. A knowledge of current and potential var-
iations in the regions of electrolyte near a working electrode should
help one to predict the differences in reaction over the electrode

surface.
Appartus and Reagents

A cell was designed and built with two Luggin capillaries mounted
on micrometer drives to permit simultaneous measurement of the
difference in potential (A@) existing between any two points around a
working electrode. One of the capillaries was controlled by two
micrometer drives mounted at right angles to each other permitting
movement in two dimensions. The position of the capillaries was thus
controlled to +. 00l inch. (See Figure 1)

The capillaries were made from 3 mm. soft glass tubing with
Intramedic polyethylene tubing (O.D. .024'", I.D. .011") sealed into
a constricted end with epoxy cement. The seal was tested for air
tightness, water tightness, and electrical leakage.

The measuring circuit consisted of two separate mercury-
mercuric oxide reference electrodes connected by electrolyte (0.1 N
KOH) through the two capillaries. Two ungreased ground-glass
stopcocks placed in ‘the rubber tubing connection between the capillaries
and the reference cells prevented electrolyte flow from the test cell
to the reference cells. Electrical connection was made by forcing
electrolyte under pressure through the tubing and stopcocks, and
wetting the ground stopcock surfaces before closing them. The A¢d

measurements were made with a Leeds and Northrup K-3 potentiometer



or were recorded with a Leeds and Northrup Speedomax H recorder.
For some experiments a simultaneous potential-time curve was
recorded on a Varian recorder.

The sample electrodes are constructed from 99, 99% pure silver
foil 0, 011 cm. thick or of Yardney sintered silver plates 0. 038 cm.
thick. Lacquer was used to coat parts of the electrodes as shown
in Figures 6a, 7a, and 9a. The counter electrode used was a
platinum foil 2 x 2 cm, or a 1.8 mm. platinum sphere. A rectan-
gular trough (4.5 x 4.5 x 10.3 cm,) with the silver foil test electrode
covering completely one end and the platinum foil counter electrode
covering the other end, similar in design to a Haring1 cell, except
for the two gauze electrodes, was also constructed.

A 180 volt battery in series with resistors of appropriate sizes
supplied the lower currents used. Constant currents above 8 ma,
were provided by a Hewlett-Packard Model 881A power supply.

An ammoniacal electrolyte was made from 14. 7 NNH OH reagent

4
to which 0,1 mole KNO3 was added per liter to improve conductivity.

The 0.1 NKOH was made from KOH reagent with precautions taken

to prevent COZ contamination.

Potential Distribution Experiments

Experimental. A number of experiments was performed in order

to determine the causes of the A¢d or potential difference occurring on
the test electrodes. The results indicate that there are at least two
different phenomena involved. The first is an uneven current dis -
tribution caused by the geometry of the cell and the electrode. The
second is an unequal oxidation of the electrode where one portion of
the electrode is farther along the potential-time curve than are other
portions. Two different electrolytes were used in the investigations:
0.1 N KOH and 14. 7 _I\_INH4OH with KNO_ added to increase its conduc-

3

tivity. Unlike the KOH, the NH4OH electrolyte prevented the buildup
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of oxide on the test anodes with the resulting potential changes. Thus the
local potential,d, at any point is constant in the ammoniacal electrolyte.

In the KOH electrolyte the local potential changes with the electrode
potential because of oxide build-up and the resulting change in reaction,
i.e., the change from Ag—*AgZO to Ag20-° AgO,

1. Experiments in ammoniacal electrolyte.

No A¢d was measured between the edge and center on the silver anode
in the Haring cell. This result agrees with earlier workl’ 2 which indi-
cates a uniform current and potential distribution in the Haring cell. If
the platinum foil counter electrode covering the end of the Haring cell is
replaced with the 1. 8 mm. platinum sphere counter electrode, the poten-
tial is found to be more anodic on the portion of the silver anode nearest
the platinum sphere counter electrode.

A number of suspended foil electrodes has been tested in the ammon-
iacal electrolyte and all show potentials more anodic at the edge. Equi-
potential maps (Figures4-9) for several electrode configurations were
made while the electrodes were undergoing oxidation in the ammoniacal
electrolyte. These also show a higher potential at the edge than at the
center,

2. Experiments in 0.1 N KOH electrolyte,

A¢ values were measureable between the edge and center on the silver
anode in the Haring cell filled with KOH. This was not expected in view of
the experiments in the ammoniacal electrolyte which showed a uniform
current and potential distribution in the Haring cell. These Ad values were
recorded during both oxidation and reduction of the silver electrode. Two
peaks occurred in the resulting A4 curve during oxidation and two peaks
occurred during reduction. Because the peaks appeared to correspond
with changes in the state of oxidation of the electrode, simultaneous Ad,
potential (relative to mercury-mercuric oxide reference), and differ-
ential of potential curves were recorded. A third mercury-mercuric
oxide reference electrode was used for measurement of the potential of
the silver electrode. The differential of the potential-time curve was

obtained with an operational amplifier differentiator. (Figure la).
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The simultaneous curves (Figure 2, curves A, B and D) show how the Ad

peaks correspond with changes in the reaction potential.

Similar curves were found for the Ad between the edge and center
of electrodes suspended in the KOH electrolyte. In addition to the
peaks which occurred at the time of change of reaction, an initial Ad
was noted which can be attributed to the non-uniform current distri-
bution around the suspended electrodes., (Figure 2, curves A, B, C)

Experiments were performed in a Haring cell in which the platinum
foil counter electrode had been replaced by the small platinum sphere
counter electrode. The electrolyte was 0.1 NKOH. When the counter
electrode was placed within 2 cm. of the silver electrode and current
densities of the order of 10 ma/cmz were used, a reaction such as the
formation of AgO or the evolution of oxygen was observed to begin at
the center and then spread out to the edges of the electrode. The
extremely high current density in the regions near the small platinum
sphere and the large potential gradients which result help account for
this. This observation also suggests the possibility of gas formation
in regions of an electrolytic cell where because of geometry a very
high current density exists.

Discussion. For the experiments done in ammoniacal electrolyte,
geometrical arguments, which indicate a greater number of current
paths available for the edge of an electrode as compared to the center,
account for the greater current density and potential existing at the
edge.

An extension of arguments made by Wagner3 about cux;rent
distributio.n in the electrolytic cell explains the shape of the equipo-
tential lines (Figures 4-9) found for the six silver electrodes in the
ammoniacal electrolyte. Similar arguments by othersl’ 2 also
predict that no potential differences should exist on the silver anode
in the Haring cell filled with the ammoniacal electrolyte, because of
the uniform current distribution in that cell. When this cell is altered
by replacing the platinum foil counter electrode with a small platinum

sphere, the current density is at a maximum on those regions of the




silver electrode which are nearest the sphere.

All of these observations appear to follow from the unequal current
distribution caused by the geometry of the electrodes and the cell. This
phenomenon has been observed by other workers4' 5. Our results in the
ammonia solution are in agreement with existing theory and can be pre-
dicted by arguments based on the geometry of the electrodes and the
cell,

A somewhat more complex model must be considered when dis -
cussing the results obtained in the 0.1 NKOH electrolyte. In addition
to geometry effects there is an unequal oxidation of the electrode where
one portion of the electrode is farther along the potential-time curve than
are other portions. This phenomenon seems to be of significant effect
only at the time of a reaction change on the silver electrode (i.e., the
change from Ag- AgZO to AgZO-' AgO or from the latter to the forma-
tion of OZ) where the potential-time curve is especially steep.

This phenomenon is apparently not caused by large inequalities in
the current distribution, for large peaks occurred (Figure 2 curve D)
in the A@ curve in the Haring cell using the 0.1 N KOH electrolyte.
These peaks were associated with changes in the cell reaction and thus
corréspond to the steep portions of the potential-time curve. In each
case the edge was found to be more anodic than the remainder of the
electrode during oxidation of the silver.

Examination of the A¢ curves of the suspended electrode in 0.1
N KOH suggests that these curves are probably a combination of both
unequal current distribution and unequal oxidation. Addition of curves
D and E to form curve C in Figure 3 illustrates this.

Booman and Holbrook5 have shown that if a counter electrode is
used which is small in size compared to the working electrode, the
current density between them will be greater in the region near the
small electrode. This was the result obtained with the 1.8 mm.,
platinum sphere counter electrode placed at distances less than 2 cm.

from the larger working electrode. In 0.1 N KOH at high current

.



extreme variations in current density over its surface.

For the case where only one side of the electrode is available for
reaction (Figure 6a) there is a difference in the equipotential lines near
the edge from those in Figure 4 where both sides of the electrode can
react. The greater number of current paths directed toward the edge
of a suspended electrode when the reverse side is non-reactive accounts
for this difference. In Figure 7 where these current paths around the
reverse side are not available the equipotential patterns are much like
those around the front side of the electrode in Figure 4.

Figures 8 and 9 showing potential distributions around an unreactive
hole or spot on an electrode have eesentially the same equipotential
patterns., Again, consideration of the current paths available for each
reaction site enables one to explain the current and potential distribu-
tion. The spot painted on the center of electrode 9a resembles a non-
reactive spot in any working cell in its effect on potential and current
distribution.

Micrometer measurements taken of the thickness of electrodes
after extensive oxidation in the ammoniacal electrolyte show that a
significantly greater amount of reaction has taken place at the edge
than at the center. For example, center and edge measurements on
a typical electrode were 0.17 mm, and 0.1l mm., respectively.

The spacing of the equipotential lines shows qualitatively the
current distribution; the closer the spacing the greater the current
density, From Ohm's law the current density, J, at any point is the
product of the local potential gradient,%':, and the electrical conductiv-
ity, o~

5 =0 28 M
In this expression, n is the distance in the direction of current flow.
Since J is a vector,

-0 (897 + @97 4 &7 (2)

where x, y, and z are the Cartesian coordinates indicated in Figure 10a.




Measurements of ¢ in two directions (x, y) were made using the

micrometer drives which permitted capillary movement in two dimen-
sions. Plots of § versus x and of § versus y were made. From these

plots the values of 3¢/3x and 34/3y were obtained. Becausé we are able

to evaluate only 34/3x and 34/dy with the present apparatus the vertical
strip electrode shown in Figure 10 was chosen for analysis. Since this
electrode extends from the solution surface to the bottom of the cell the cur-
rent density distribution in the viertical z direction isassurned to be uniform
and the potential gradient - %E- " zero. J values were then calculated
from equation (2) by use of the experimental 3¢/3x and 34/3y values
and the measured value of 6~ (0. 00947 ohm-1 cm-l). A plot of J/Ja
is shown in Figure 11 (Jave.is the total current divided by the geomet;'ic
area of the electrode).

Wagner3, in his theoretical analysis considered an electrode very
similar to our strip electrode in Figure 10. The electrode which Wagner
analyzed was assumed to be in a cell of such size that both the width
of the cell and the distance between anode and cathode were very large
compared to the width of the working electrode. In our cell the distance
separating the anode and cathode is about 10 times the width of the anode
but the width of the cell is only slightly more than 3 times the anode
width., This may account for some difference between his theoretical
results and our experimental results.

Wagner's analysis is based §n numerical or graphical solutions
of an integral equation derived from Poisson's equation and Ohm's
law, A plot of J/Jave. as calculated by Wagner is included in
Figure 1l.

Both Wagner's plot and our experimentally determined plot are
based on a K/a ratio of 0.10. This ratio represents the variables
which affect the current distribution in the cell. In this ratio, a is
the half-width of the electrode. The dimensionless parameter, K,

is the product of the electrical conductivity, 0", and the absolute
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slope of the polarization curve for the cell,

K=g- |oE/a]|
The polarization curve was made by plotting the electrode potential as
a function of several different current densities. (See Figure 12).
Figure 12 is onlyAthat part of the polarization curve for the silver
electrode in the region of current density used in our experiments.
Because the slope of polarization curves is dependent on current density
it is evident that a change in current density will cause a change in
J/Jave. , the distribution of current density,

There are several sources of error in our experiments, Because
it is a working electrode there is an unavoidable change in 7 because
of the build-up of reaction products and the consumption of electrolyte
for the reaction in addition to loss of NH3 and HZO by evaporation,
Another problem is the inherent loss of precision in taking derivatives,
In addition, Wagner's calculation is based on a cell with dimensions
somewhat different from ours., To approach his cell dimensions we
would need to use a very narrow electrode or a very large cell. In view
of this, the agreement of the two plots in Figure 11 is good. Both plots
show a high deviation from the average current density at the edge which
decreases to near average current density a short distance from the
edge as one approaches the center of the electrode. Thus it is only
the edge region which shows marked deviation from average current
density, Thickness measurements of electrodes which have undergone
extensive oxidation in the ammoniacal electrolyte show this same pattern,
with 3 or 4 times as much silver having been dissolved away from the

edge of the electrode as from the center,
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SECTION 1I

SURFACE AREA ESTIMATION

Sintered silver electrodes allow appreciably more charge per unit
mass to be applied than do sheet silver electrodes. The choice of
optimum charge and discharge rates for such electrodes is made simpler
if the effective surface area is known. Allen established that the depth
of penetration of an oxide layer may be determined coulometrically by
measurement of the length of the potential plateau of that oxidation at
constant current, 6 The following equation may be applied to the resul-
ting data to find the depth of penetration expressed as the number of
monolayers of penetration.

NL . I t = th

X =
F[ NQE]2/3 a

M

where

X = number of monolayers of penetration
Avogadro's number

Faraday

= density in g/cm’ -

atomic weight (g/mole)

= current (amps)

= sgurface area (cm )

= plateau length (minutes)

= current density (amps/cm )

a constant

Z

W‘mev—agb"j
1l

If the assumption is made that at a given current density, the depth
of penetration, on the average, will be equal for smooth as well as for
uneven surfaces, the following result is obtained:

Assume that if D1 = D2 then X1 = XZ.

From the equation above X, = letl and X2 = kDZtZ.

Therefore let1 = sztZand t1 = tZ

This means that if two electrodes have equal plateau lengths, they

1

were oxidized at the same current density and have equal depths of

penetration.
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A standard curve of known current density versus plateau length
(expressed in minutes) has been plotted. (See Table I and Figure 14).
From this curve unknown surface areas have been determined. By
changing the applied current until the plateau length matches a point
on this standard curve a cross reference to the known current density
can be obtained, and thus the unknown surface area may be determined.

Sample Calculation. A sintered silver electrode with an apparent
or a geometrical area of 0, 688 cm2 is electrolyzed at a constant applied
current of 4, 000 pamp. The time equivalent of the length of the first
potential plateau is 14. 4 minutes (Figure 13), From the standard curve

(Figure 14), a current density D = 91,0 ptamp/cm2 is noted for t = 14, 4

minutes,
I2 2
D, =D, =—= 91,0 pamp/cm
1 2 a,
_ 4,000 pamp 2 = 44,0 cmz

2 91.0 pamp/cm

The roughness factor is the calculated surface area divided by
the geometrical area of the electrode.

2
_44.0 cm - 63.4

R.F. = 0.688 cm

An indication of the magnitude of the surface which is perhaps
more meaningful is given by the area per unit mass:

44,0 cm2 = 469 cm2 /g

0.093 g

Another representation of the surface is given by the area per
unit volume:

2
44.0 cm

-1
0.16 em> -~ %73 cem

The Standard Curve, The silver electrodes which provided the

data for the construction of the standard curve, Figure 14, were
2
prepared from glass discs of 18 mm. diameter (2.54 cm surface

area) which have had a silver film deposited upon them by vacuum




densities (10 rna/cmz) it was also possible to see a reaction such as

the evolution of oxygen begin first in the area on the silver electrode
nearest the platinum sphere and then expand radially over the remainder
of the electrode. An attempt was made to measure the A¢ between the
center and edge under these conditions where there was visible evidence
for large potential differences. The largest A¢d of 400 mv. was measured
during the reduction reaction where free silver was seen in the center
portion of the electrode under one measuring capillary while the yet
unreduced silver oxide was seen covering the edge area under the
second measuring capillary. The A¢ curve rose toward the 400 mv.
peak as the border between the free silver and the silver oxide moved
out in a circle of increasing radius and attained its highest value just

before the border crossed beneath the second capillary tip.

Potential Mapping and Current Distribution

A series of Ad measurements was made around each of several
electrodes (Figures 4a - 9a) in the ammoniacal electrolyte.

Ammonia prevents, by the formation of silver ammine complexes,
the build -up of AgZO on the electrode and the reaction and potential
change which follows that build-up. Thus if we neglect conductivity
changes caused by the concentration build-up of reaction products, the
A¢ between two points in the solution is constant with time.

All measurements were made with one capillary fixed in the center
which was arbitrarily assigned the value of zero. From these measure-
ments equipotential lines (20 mv. apart) were constructed. (Figures
4-9)

Comparison of Figures 4 and 5 for the solid and sintered elec-
trodes indicates the same general potential variation. Near the edge
of the sintered electrode the equipotentials are separated somewhat
more than those near the edge of the solid electrode indicating a more
moderate potential variation. This is probably caused by the much

greater surface area of the sintered electrode which leads to less
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vaporization. The main problem experienced with these standard
electrodes has been the poor adhesion of the silver to the glass.

Without proper adhesion, the silver tends to dissolve off the discs
during the oxidation run. This problem has been partially overcome
by first cleaning the discs in soap and water and then in alcoholic
potassium hydroxide solution, They are then rinsed in distilled
water and wiped dry with lint-free tissue. The rubbing of the glass
puts a static charge on the surface of the discs which appears to
help the adhesion of the silver to the glass. With these discs the re-
producibility of the plateau length is good within 3 to 7 per cent (See
Table I).

X -ray studies of silver films produced by vacuum deposition indi-
cate that the gross crystal structure produced is almost identical to
that observed in sintered silver plates. Furthermore, the thicker
the film deposited the more nearly the surface area of the film approaches
the surface area of the glass substrate. 8 The films used in these exper -
iments are on the order of 3, 000 to 4, 000 monolayers thick, and therefore
their surface areas should approach the geometrical areas of the glass
discs to well within our experimental limits.

Larger glass discs (22 mm. diameter; 3. 80 cm2 area) were
prepared in the same manner as the standard electrodes. These discs
were then oxidized and the plateau length matched with the standard
curve, The experimental surface area agreed to within 3 per cent of
the geometric area in the regions of greatest curvature of the plot
(Figure 14). The current densities used ranged from 100 to 300 pamp/cmz.

To avoid effects of cell geometry upon the oxidation plateau length,
we used a cylindrical platinum counter electrode. This gives the most
uniform current distribution around the working electrode and is easy
to reproduce. Also, the reaction cell has been thermostatted to 20+. 1°c
for reasons discussed later. See Figure 15 for a diagram of the appar-

atus.
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Extension of Method to Silver Foil and Wire. A difference in the

depth of oxidation might be expected in ordinary rolled silver foil as
compared with these vapor deposited films because of a difference in
the number of lattice imperfections per unit volume. The experi-
mental evidence, however, indicates that the depth of oxidation is the
same in rolled silver foil as in the vapor deposited silver. The reason
for this conclusion is our observation that the roughness factor for the
rolled silver foil is 1. 3 and this is the same value for nickel foil obtained
by double-layer capacitance measurements.

Silver wire gave roughness factors closer to 1. 00 than did the
silver foil indicating less surface imperfections in the wire.

Extension of Method to Sintered Silver. Two commercial sintered

silver electrodes are compared as determinations 4 and 5 of Table II.
The Delco-Remy electrode gives values for roughness factors slightly
higher than the Yardney electrode. The measurements for these
electrodes were extended over a greater range of current densities
and are shown in Figure 13,

Much higher currents were used because of the increased surface
area of these sintered electrodes. The roughness factors (the elec-
trolytic surface area divided by the geometric area) of 59 and 63
reported in Table 1I were determined in the region of smaller current
flow. At high values of the applied current the roughness factors
became smaller. (See Figure 13). The variation of these roughness
factors as a funétion of applied current is not unreasonable, for, as
the reaction is forced to go faster, any internal shielding or electro-
lyte depletion would become more evident and thus affect the extent
of the total reaction. This could tend to cut down the effective elec-
trolytic surfa‘ce.

Effect of Temperature, Studies of the temperature effect upon

the oxidation (See Figure 16) indicate that the extent of the reaction

is dependent upon the temperature., The data in the figure were obtained
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on gintered silver clectrodes of constant size with the same total current
used in each case. The change in plateau length from 0°C to 50°C is
more than 7 fold. The change in conductivity of the solution is less than
3 fold over the same temperature range. FEither or both of two effects
could contribute to the significant change of oxidation plateau length with
temperature:

1. It has leen suggested that migration of ions in the oxide account
for charge conduction between the metal and the electrolyte. 10 This
migration would be expected to be very temnperature dependent.

2. Changes in viscosity of the electrolyte with temperature may
affect the extent of penetration of the electrolyte with the pores of the
sintered electrode. Thus, the more viccous electrolyte would give
the shortest piateau length because there would be less silver surface
in contact with the electrolyte.

Conclusion. In the use of this method for estimation of electrolytic
surface areas certain external variables must be controlled. These
include temperature, electrolyte, and cell geometry. The most satis-
factory current densities are those located in the range of greatest
curvature on the plot of current density vs plateau length. In this
"middle range' of the graph the effective surface area as calculated
is almost constant,

On the upper part of the graph large changes in current density
correspond to small changes in plateau length. Two reasons are
suggested to account for the decreases in the effective electrolytic
surface areas for these large current densities: (1) the rate of pene-
tration of the surface by oxide may lag behind the rate of charge passing
through the surface; (2) the rate of depletion of ions near the surface
may be greater thian the rate of diffusion of ions to the surface.

On the lower part of the graph small changes in current density
correspond to large changes in plateau length, Dissolving of the argen-
tous oxide from electrode may contribute to the poor results in this

region since the rate of oxidation is so low.
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SECTION III

ORGANIC RESIDUES IN SINTERED SILVER ELECTRODES

Evidence was presented in the first quarterly report of J. P. L.
Contract 951157 that commercial sintered silver electrodes may contain
organic residues resulting from incomplete removal of organic binders
during the sintering process. This evidence was the observation that
the sintered silver electrodes after oxidation showed regions visible
with a microscope where no oxidation had occurred.

In the catalytic oxidation of ethylene by silver with limited oxygen,
Twigg 1(%:2) has observed the formation of a non-volatile deposit on the
surface of the silver catalyst.

Our approach to the determination of the nature and amount of the
residue on sintered silver electrodes has been pyrolysis of samples of
electrodes in helium, hydrogen and oxygen and analyses of the products
by gas chromatography and infrared spectrophotometry.

Apparatus., A Perkin Elmer Vapor Fractometer Model 154 D with
a Leeds and Northrup Speedomax G recorder was used for the gas
chromatographic analyses. Three columns were used with this
instrument:

(1) A silica gel column, 4 ft;

(2) A molecular sieve column, 4 ft;

(3) A column of di-n-decylphthalate on firebrick, 3 ft. The infra-
red determinations were made with a Beckman IR 7 instrument.

A borosilicate glass pyrolysis chamber was constructed. A
schematic diagram of this chamber is shown in Figure 17. It is fitted
with a by-pass path so that the sample may be heated for a period of
time such as five minutes in a tube furnace and then the gases swept
into the main stream of the carrier gas for analysis.

Analyses, The amounts of gaseous products have been quite small.

Therefore the assignment of the peaks in the gas chromatograms have
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been made by comparison with retention times of known compounds
‘ suspected of being present in the samples. Sufficient amounts of pro-
ducts were obtained in some experiments to confirm the assignments
of carbon dioxide, methane, and ethylene. The characteristic infra-
red absorption at 2350 cm-1 was observed fo1 carbon dioxide, at 1300
cm-1 for methane and at 949 cm-1 for ethylene. The molecular sieve
column separates methane, carbon monoxide, oxygen, nitrogen. The
silica gel column separates ethane, ethylene, and carbon dioxide; the
four gases above have about the same retention time and are eluted
together., The phthalate ester column separates carbon dioxide and
water; all of the other gases discussed above are eluted together.
Therefore we have used these three columns to analyze for six products:
CH,, CO, CZH C,H C.OZ and H_O.

4 6, 2774, 2
Carrier Gases. The silver samples were pyrolyzed in either helium,

hydrogen, or oxygen. The gas chromatographic analysis was then made
with the same gas as the carrier. [wo different cylinders of helium
’ were used. Helium of a technical or commercial grade apparently con-
tained sufficient impurities to cause sorie chemical reactions, The
methane, ethylene, and ethane observed as reaction products when this
helium was used were probably formed as the residue on the electrode
sample reacted with the hydrogen impurity.
A cylinder of helium labeled "'ultra high purity' was obtained from
the Matheson Company. Usingthis helium as the carrier gas we did
not observe ethane and ethylene.

The analysis of this ultra pure helium is:

CO2 < . 05 ppm N2 4.2 ppm
O2 0.9 ppm Ar 0.1 ppm
HZ 0.6 ppm CH4 0.0

Ne 10.1 ppm HZO 1. 9 ppm

In the presence of hydrogen as carrier gas hydrocarbons were
. produced. Carbon monoxide and carbon dioxide were also observed.

We assume that the oxygen needed for the oxides was adsorbed on
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the surface of the sintered silver before pyrolysis.

In the presence of oxygen as carrier gas, water and carbon dioxide
are the principal reaction products. Water as a reaction product in the
oxygen carrier indicates that some hydrogen is bonded to carbon in the
residue.

Results, The results of the gas chromatographic analyses are
summarized in Tables III and IV, Determinations 1 - 5 of Table III
with technical grade helium show simple hydrocarbons and carbon
oxides as products of pyrolysis. Determinations 6 and 7 with ''ultra
pure' helium show only carbon oxides. The interpretation for this
change is that hydrogen as an impurity in the technical grade helium
reacts with the carbonaceous residue to form hydrocarbons.

Determinations 8-12 of Table III with hydrogen show the same
products as determinations 1 - 5 with technical grade helium. The
carbon monoxide -carbon dioxide ratio is high in the hydrogen carrier.

Determinations 13-15 of Table III and 2-6 of Table IV resulting
from the pyrolysis of three different commercial sintered silver elec-
trodes in oxygen show quantities of carbon dioxide approaching one

milligram CO, pyrolyzed from one gram of sintered silver.

2
Determinations 2-6 of Table IV also show water as a product

of pyrolysis in oxygen. However, determination 1 of Table 1V shows

quantities of water of the same magnitude from pyrolysis in technical

grade helium., An obvious interpretation is the adsorption of water

on the sintered silver which is expelled in part at 250°C and more at

5000C. However, as the technical helium also contains oxygen as an

impurity the water may result from reaction with hydrogen from the

residue or hydrogen in the technical helium., Determination 2 of

Table IV shows COZ and HZO from pyrolysis in technical helium. The

same sample is then pyrolyzed in oxygen with 420 micrograms CO2

and 90 micrograms H_ O as products.

2
Determination 7 involves a sequence of successive runs with

increasing temperature. Ultra pure helium was used. Small quantities
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of carbon dioxide and water were released with each rise in temperature.
The amounts at 3500C (10 pg. CO2 and 18 ug. HZO) are greater than the
amounts at 410°C (5 pug. CO2 and 4 ug. HZO). This suggests that below
~ 400°C any adsorbed CO2 and HZO is released and above s 400°C the
residue reacts with adsorbed oxygen or with the oxygen (0. 9 ppm) in
the ultra pure helium carrier. The run 7(f) in oxygen shows 100 pg. CO2
and 21 pg. HZO' Our interpretation is that the carbon and hydrogen in
these products can only come from a residue on the sintered silver.

Determinations 8 and 9 of Table IV show results of an attempt to
make several runs in helium before the final run in oxygen at 600°. We
were surprised at the low values for CO2 and HZO (8(k)-28 ng., 9 pg;
9(k) -25 pg., 32 pg.) after pyrolysis in oxygen. Our interpretation is
that during the ten repetitive runs in helium (8a-j and 9a-j) some of
the carbon was lost as carbon monoxide. Evidence for this is taken
from determinations 6 and 7 of Table III in which 30 pug. CO is observed
along with 24 ug. COZ'
Electrolytic oxidation of pyrolyzed electrodes. In Figure 18 a

comparison is made of the electrolytic oxidation of three sintered
silver electrodes. Curve A is typical of the Ag~- AgZO oxidation,

Curve B shows a similar oxidation but after the sintered silver elec-
trode had been pyrolyzed in oxygen at 410°. Two differences are noted.
Through the first part of curve B there is no region where the slope
becomes negative as is typical of the regular electrodes. Also, the
length of the plateau is slightly increased in curve B (9.55 ; 0.10
minutes based on three determinations compared to 9,15 minutes for
the longest of several unpyrolyzed samples).

Curve C is similar in shape to curve B (no negative slope at the
beginning of the plateau) but the length of the plateau is less (7. 35
minutes). The electrode in this case had been pyrolyzed at 625°C.
The decrease in plateau length probably reflects a decrease in
effective electrolytic surface area caused by fusion or coalescence

of sintered silver at the high temperature.

s\



20

These observations suggest pyrolysis of sintered silver electrodes
in oxygen as a means of removing surface impurities which may be
reducing the efficiency of the electrodes and which are not removed by
conventional cleaning procedures.

Conclusion, While our results do not permit a precise quantitative
interpretation of the nature of the residue on sintered silver electrodes
the presence of a residue partly hydrocarbon in character and partly
carbonaceous in character is indicated. The results from pyrolyses
in oxygen indicate approximately 400-500 ug. CO2 and 100 ug. HZO
from a 1.0 gram sample of sintered silver. This is approximately 10
micromoles CO2 and 5 micromoles HZO or 1 atom C and 1 atom H for
1000 atoms of silver. Aromatic hydrocarbon residues may have a C-H
atom ratio of approximately one. Equal amounts of a polymethylene
residue [ (-vCHZ-)rl ] and a graphite type residue will give an average C-H
atom ratio of approximately one.

From the observation by Fischer and Wernerl 31:hat cyclononatriene

forms a stable complex with silver nitrate through % -olefin interaction

with silver ions one may expect that cyclic polyene residues are also

possible on sintered silver electrodes.



21

Future Work

Additional measurements of current and potential distribution over
the electrode surface will be made for other K/a ratios. - These data
will permit a broader comparison with features of Wagner's theory.

Rates of oxidation and reduction of the alkaline silver electrode
will be determined as a function of temperature, electrode geometry,
and nature of the electrolyte. Consideration will be given to a mech-
anism consistent with these data. '

The surface areas for sintered silver have been determined. To
establish the usefulness of this method we need to measure surface
areas of these electrodes by conventional methods. For example, a
modification of the BET method based on a radioactive inert gas may
be used.

The depth of penetration of oxidation of smooth silver plate is a
function of current density and temperature. The irregularities of the
surface of sintered silver may cause physical stresses not present on
a smooth silver surface. Therefore electrolytic surface areas will be
measured as a function of physical stresses on the electrode.

Pyrolysis of silver electrodes in oxygen as a means of cleaning

will be given further study.



TABLE 1

Reproducibility of Oxidagion Runs
Temperature 20 C

Current Density Plateau Length Deviation
m amp/cmz) (minutes)

97.9 13.5 : + 2.9%

101 1.1 + 3.2%

158 6.2 ' e 2.4%

236 3,2 + 4.3%

355 1. 85 + 2.9%

590 . 85 + 6.6%
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Table III

Products from Pyrolyses of 1.0 gram Samples of

Sintered Silver Electrodes

24

Carrier G.C. Temp Products in micrograms
Dtm  Electrode Gas Column & co  CH, CH, C/H,  CO,
1 Delco Remy Helium- Silica 750° 160% 2.2 0.9 130
technical gel o
2 Ele. Storage Helium- Silica 750 Lox 0.4 2.0 T0
Battery technical gel o
3 Yardney Helium- Silica 500 12% 2.3 k.5 35
technical gel
4 Delco Remy Helium- Silica 500° Y417 59
sk technical gel 50
5 Delco Remy Helium- Silica 750 0.6 21 k.9
) technical gel
6 Delco Remy Helium- Silica 540° 0 0 2l
ultra pure gel
T Delco Remy Helium- mol. 500o 30 0
ultra pure sieve
8 Delco Remy Hydrogen  Silica 650° 13 25 9 0.9
gel
‘ 9 Delco Remy Hydrogen Silica 600° 28 1 2 9
gel :
10 Delco Remy Hydrogen  Silica 650° 29 12 3 13
gel
11 Delco Remy Hydrogen mol. 650° 1.9
sieve o
12 Delco Remy Oxygen Silica 500 0 0 520
gel o
13 Delco Remy Oxygen Silica 500 510
gel
1L Ele. Storage Oxygen Silica 500° 520
Battery gel °
15 Yardney Oxygen Silica 500 870
gel

* Value is for light gases which may include CO, CHh’ N2, and O
separated on this silica gel column.
{ i

*% Pyrolysis made in a stainles? steel tube.

5 which are not



Table IV
Products from Pyrolysis of 1.0 gram Samples of

Sintered Silver Electrodes

G.C. Column - n-decy&htha]atemfirebrick

Carrier T Products in micrograms
Dtm Electrode Gas 8" o o
2 2
1.(a) Delco Remy Helium 250° 230
tech,
1.(b)  Delco Remy Helium 500° 140
tech, o
2.(8s) Delco Remy Helium 500 65 88
tech. o
2.(v) Delco Remq Oxygen 500 420 90
3 Delco Remy Ooxygen 500° Loo 100
4 Delco Remy Oxygen 500° 470 100
5 Elec. Storage  Oxygen 500° 400 140
Battery o
6 Yardney Oxygen 500 560 160
T.(a) Delco Remy Helium 190° 3 2
ultra pure
7.(b)  Delco Remy Helium 2lo° I
ultra pure o
7.(c) Delco Remy Helium 350 10 18
ultra pure
7.(d)  Delco Remy Helium 410° 5 4
ultra pure o
7.(e) Delco Remy Helium 525 11 16
ultras pure o
T.(f) Delco Remy Oxygen 525 100 21
7. (&) Delco Remy Oxygen 525° 5
8.(a-e) Delco Remy Helium 400° 18 9
ultra pure
8.(£-3) Delco Remy Helium 600° 17 13
ultre pure
8. (k) Delco Remy Oxygen 600° 28 9
9.(a-e) Elec. Storage Helium 400° 14 L
Battery ultra pure
9.(f-j) Elec. Storage  Helium 600° 3 7
Battery ultre pure o
9. (k) Elec. Storage Oxygen 600 25 32

Battery
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Figure 3

Comparison of three A @ curves made during the oxidation
of silver electrodes. (curves C and D also appear in
Figure 2)

C. A%Curve of a suspended electrode in 0.1N KOH

D. Aglurve of the Haring cell electrode in O,1N KOH

E. AQ Curve of a suspended electrode in the ammoniacal electrolyte

4 oxidation begins
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counter electrode
5 mm on plot=1 mm in cell

Figure 4 [Equipotentials around a working
suspended silver foil electrode

Figure 4a Diagram showing configuration
of electrode used in Figure 4

S
‘ 1,8 cm

‘counter electrode

5 mm:on plot=1 mm in cell
Figure 5 Equipotentials around a working
suspended sintered silver electrode

Figure 5a Diagram showing configuration
‘ of electrode used in Figure 5

1.8 cm
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L 20y

counter electrode

5 mm on plot=] mm in cell

Figure 8 FEquipotentials around a working
suspended silver foil electrode with the
center cut out

I 0.64 cmhole
Figure 8a Diagram showing configuration
of electrode used in Figure 8

i

1.8 cm

. a——

counter electrode
5 mm on plot=1 mm in cell

Figure 9 [Equipotential map of a working
suspended silver electrode with the center

sed silver
painted with lacquer *po

lacquer

Figure 9a Diagram showing configuration
of electrode used in Figure 9

IO. 64 cm

1,8 cm
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J/J ave.

Emf
(mv)

3.04 Figure 11 Current density
distribution at the silver
strip electrode
2.5+
Z. OJ-
l . 5 L 3
(a)
b)
1.0¢
—________;————
0.5 - —
0 0.2 0.4 0.6 0.8 1.0

X/a
(a) From Wagner's analysis3 (K/a = 0,.10)

(b) From our data (K/a = 0.10)

X, is the distance from the electrode center
and, a, is the half width of the electrode

45 +
Figure 12
Polarization
Curve
40
35 -+ + +
3.0 3.5 4,0 4,5

2
Current density (mv/cm )

7.2 x 0,00947
1 x.675

= 0.10

p R

34



35

€1 ?@Ina1g
(urw) swary

0z 6I 81 .1 91 SI ¥%I €1 21 11 OI 6
i | 1 { i i | 1 1 | 1 L

(65)

(€9

Awayg od1a(g

jutod uorjenojed

aidwes s1 ¢ - o ) s?¥sayjuaaed
utr uaa18 si1030ey ssauydnoy ‘eaze
211}3Ww038 Swes Jo SIPOIIDI|D IIAJLS
pa@13jurs I0j juazand parjdde snsaaa
sajnutwa ut y38uaj neajeid jo jo1g

A3upaeyx

~ 000%

- 0009

(dure )
julzIn)d

~ 0009

= 000




91 vi

1
1

¥ 1 91nd1g

(uta) swr g,

01
1

‘jutod uorjejnojed ajdwes

ST ¢ ‘eage d1139wos8 awes jo

sse[3 uodn pajisodap 13ay1s 10j
sy38ua] neajejd snsiaa £318uap

jul1and yo jold ‘SaInd piepue;y

(_wo/duwe 7) A31sUs(g jua1In)
[4

001

00¢

00¢

00%

00¢

009

0oL




Time (min)
o
i

—
N
{

8—d

ON 37

.
2 4
OFF N [
‘ Ag Adode Varian
G-11 A
Recorder
L& N Cathode | | 71 -
K-3
Potentiometer
0.100+. 005 M
E-M C629CMK KOH ul
Precision Constant Current : o
100~ HPower Supply = \@Igp/ 2
Resistor L:

Detailed diagram of apparatus used in determining oxidation plateaus

Plot of temperature of oxidation

run versus lengths of plateau in S
minutes for Delco Remy sintered e
electrodes. Runs were made at ,5:/‘
the same applied current on elec- '
trodes of equal surface area. -
Temperature was held to +0.1 °c /'/ )

at each point ®

A}
Figure 16

16 24 32 40 48 56
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9.15

Potential
L S

l i 1 i 2k l [ i - A l

0 5 10

Time (main)

Figure 18 FElectrolytic Oxidation at 28, 2 °C of Pyrolyzed
Sintered Silver Electrodes

A, Not Pyrolyzed o
B. Pyrolyzed at 410 oC inQ;
C. Pyrolyzed at 625 "C inO,

H
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